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Abstract
Trehalose is a well known protector of biostructures like liposomes and proteins during freeze-drying, but still today there is a big debate
regarding its mechanism of action. In previous experiments we have shown that trehalose is able to protect a non-phospholipid-based liposomal
adjuvant (designated CAF01) composed of the cationic dimethyldioctadecylammonium (DDA) and trehalose 6,6′-dibehenate (TDB) during
freeze-drying [D. Christensen, C. Foged, I. Rosenkrands, H.M. Nielsen, P. Andersen, E.M. Agger, Trehalose preserves DDA/TDB liposomes and
their adjuvant effect during freeze-drying, Biochim. Biophys. Acta, Biomembr. 1768 (2007) 2120–2129]. Furthermore it was seen that TDB is
required for the stabilizing effect of trehalose. Herein, we show using the Langmuir–Blodgett technique that a high concentration of TDB present
at the water-lipid interface results in a surface pressure around 67 mN/m as compared to that of pure DDAwhich is approximately 47 mN/m in the
compressed state. This indicates that the attractive forces between the trehalose head group of TDB and water are greater than those between the
quaternary ammonium head group of DDA and water. Furthermore, addition of trehalose to a DDA monolayer containing small amounts of TDB
also increases the surface pressure, which is not observed in the absence of TDB. This suggests that even small amounts of trehalose groups on
TDB present at the water-lipid interface associate free trehalose to the liposome surface, presumably by hydrogen bonding between the trehalose
head groups of TDB and the free trehalose molecules. Hence, for CAF01 the TDB component not only stabilizes the cationic liposomes and
enhances the immune response but also facilitates the cryo-/lyoprotection by trehalose through direct interaction with the head group of TDB.
Furthermore the results indicate that direct interaction with liposome surfaces is necessary for trehalose to enable protection during freeze-drying.
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CAF011. Introduction
Sugars are well-established cryo-/lyoprotectors of biostruc-
tures like proteins and lipid membranes. In particular, the
disaccharides trehalose and sucrose have proven successful in
protecting against damage during freezing and dehydration.
This is the case in nature where e.g. embryos of the brine shrimp⁎ Corresponding author. Statens Serum Institut, Department of Infectious
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doi:10.1016/j.bbamem.2008.01.013Artemia salina accumulate high amounts of trehalose when
entering dormancy [2–4]. Also nematodes [5,6], yeast [7–10]
and spore forming bacteria [11,12] are known to produce high
amounts of trehalose to protect themselves against extreme cold
and anhydrobiosis, whereas plants predominantly are known to
produce sucrose for this purpose [13]. Trehalose and sucrose are
therefore the most widely used cryo- and lyoprotectors for
biopharmaceuticals.
Despite this the mechanism of action of these sugars is still
controversial. At least three hypotheses, that are not mutually
exclusive, have been proposed on the basis of numerous expe-
riments. The water replacement hypothesis suggests that the
Table 1
Thermodynamic parameters characterizing the gel-to-liquid phase transition of
liposomes formed by 2.5 mg/ml DDA and various amounts of TDB in 10 mM
tris-buffer (pH=7.4) (mean±SD, n=3)
DDA/TDB
ratio (w/w)
[DDA/TDB]
(mg/ml)
TDB
mol%
Tm
(°C)
ΔH
(Kcal/mol)
T1/2
(°C)
5:0 2.5/0 0 46.69±0.02 11.20±0.09 0.66±0.02
5:1 2.5/0.5 11 42.59±0.21 12.88±0.04 2.41±0.27
5:3 2.5/1.5 27 41.79±0.05 12.05±0.11 0.74±0.01
5:5 2.5/2.5 39 41.66±0.04 11.80±0.08 0.69±0.01
1:5 0.5/2.5 76 41.76±0.01 2.76±0.03 1.05±0.01
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the lipids that constitute the biomembrane and thereby replace
water on the protein/membrane surface [14]. During freezing
and drying of liposomes based on phospholipids, this interac-
tion depresses Tm by maintaining the phospholipid head
group spacing which prevents a phase transition accompanied
by leakage. This theory has been supported in a long range of
studies, applying methods like differential scanning calorimetry
(DSC) [15–18], Fourier transform infrared spectroscopy (FTIR)
[19,20], Langmuir–Blodgett monolayers [21–23] and molecu-
lar simulation [24,25].
The protective effect of the sugars has also been attributed
to their vitrifying abilities, where a glassy matrix is formed
around the liposomes upon dehydration. This matrix prevents
the interaction between adjacent bilayers and thereby reduces
the mechanical stress that can cause aggregation [26]. Fur-
thermore the vitrification hinders conformational changes of
the lipid bilayer [3]. This theory has been supported by apply-
ing methods like DSC [3,18,27], X-ray diffraction [27] and
ultrasound measurement [3].
A third theory for the protective effect of sugars relates to their
kosmotropic effect [28,29]. Kosmotropes stabilize the structure of
bulkwater and reduce the amount ofwater at themembrane-water
interface, which would prevent damage by water during freezing
and drying. According to this theory the observed change of Tm
during dehydration of phospholipid-based liposomes is a
manifestation of the Hofmeister effect minimizing interaction
with water, as shown by applying methods like DSC [29,30],
Raman and neutron diffraction [28,31,32] and fluorescence mea-
surements (proteins) [33].
The cationic adjuvant formulation CAF01 based on dime-
thyldioctadecylammonium bromide (DDA) and the immuno-
modulator trehalose 6,6′-dibehenate (TDB) is a promising
vaccine adjuvant, generating a strong cell-mediated immune
response (CMI) and high levels of immunoglobulins [34]. This
balanced cellular and humoral immune response makes the
adjuvant a potential candidate for vaccines directed against a
large variety of diseases including infectious diseases that
are highly prevalent in third-world countries. It is therefore of
crucial importance to address stability problems related to the
vaccine formulation during distribution and storage in these
areas, already at an early stage of the development process.
The aforementioned cryo-/lyoprotection hypotheses have
all been addressed for living organisms and liposomes with
similar membrane compositions i.e. liposomes composed of
phospholipids. However in a previous report it was shown that
non-phospholipid-based DDA/TDB liposomes could be recon-
stituted to their original form without loss of adjuvant activity
after freeze-drying with 211 mM trehalose or above [1]. Therein
it was also demonstrated that pure DDA liposomes could not
be reconstituted after freeze-drying, indicating that TDB plays
a crucial role for the stabilization by trehalose during the freez-
ing, drying and/or reconstitution. Incorporation of TDB into
the DDA membrane has also been shown to stabilize the
liposomal membrane, probably due to an enhanced hydration
of the membrane surface and steric hindrance avoiding fu-
sion between the lipid bilayers [34]. From these experiences itwas hypothesized that bulk trehalose interacted with the tre-
halose head group of TDB, thereby replacing water at the
liposome surface (water replacement theory) and reducing
the amount of freezable water available at the membrane sur-
face (kosmotropic effect) avoiding freeze-damages of the mem-
brane. Furthermore vitrification of bulk trehalose was suggested
to have a stabilizing effect.
The objective of the present study was to investigate the
interaction between DDA/TDB liposomes and different sugars
in aqueous medium using Langmuir–Blodgett monolayers as
model membranes and detecting the surface pressure/area
isotherm. Data shows that trehalose interacts directly with the
TDB head group of DDA/TDB lipid layers, but not with DDA
lipid layers suggesting that direct interaction between treha-
lose and the liposomal membrane is necessary to protect the
liposomes during freeze-drying.
2. Materials and methods
2.1. Materials
Dimethyldioctadecylammonium (DDA) bromide, α,α′-trehalose 6,6′-dibe-
henate (TDB), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-
distearoyl-3-trimethylammonium-propane (DSTAP) chloride were obtained
from Avanti Polar Lipids (Alabaster, AL). The purity of the compounds was
N99% by HPLC. Methanol (extra pure) and chloroform (extra pure) were
purchased from Merck (Darmstadt, Germany). Tris base (99%) was obtained
from Sigma-Aldrich (St. Louis, MO). Purified milli-Q quality water was used for
all buffers. D(+) trehalose dihydrate (≥99%), and sucrose (≥99%) were
obtained from Sigma-Aldrich (Brøndby, Denmark).
2.2. Langmuir–Blodgett isotherms
Monolayers were formed by spreading 6.3mmol lipidmixture in chloroform:
methanol (9:1) on a KSV minithrough 1 (KSV instruments Ltd, Helsinki,
Finland) using a Hamilton microsyringe. The subphase contained 10 mM tris-
buffer (pH=7.4), supplemented with different concentrations of trehalose,
sucrose or glucose. All subphases were adjusted according to their viscosity and
surface tension (both parameters were determined as described below). To allow
the lipid solvent to evaporate, the compression of the monolayer was initiated
10 min after spreading. The monolayer was compressed at a barrier speed of
10 mm/min and the surface pressure/area isotherm was detected using a
Wilhelmy platinum plate (KSV instruments Ltd, Helsinki, Finland). Each sample
(n=3) was only compressed once. KSV software (KSV instruments Ltd,
Helsinki, Finland) and Origin® 7 scientific plotting software (OriginLab,
Northampton, USA) were used for data analysis. Statistical calculations were
done by one-way ANOVA at 0.05 significance level and means comparison
using Tukey's test.
Fig. 1. Pressure/area isotherm of Langmuir monolayers containing DDA/TDB in
w/w ratios of 5:0 (solid), 5:1 (dash), 5:5 (dot) and 1:5 (dash–dot) on 10 mM tris-
buffer subphases. The total molar lipid concentration of the different monolayers
is identical for all experiments. The curves are averages of three experiments.
Table 2
Surface pressures (Π) and mean molecular areas for DDA and DDA/TDB in
10 mM tris-buffers (pH=7.4) containing various trehalose concentrations of
trehalose (mean±SD, n=3)
Liposomes [Trehalose] (mM) π (mN/m) Area (Å2)
DDA 0 47.3±0.6 39.1±1.1
67 42.3±1.8 45.2±7.3
132 43.7±0.8 52.4±4.6
264 42.1±0.1 55.3±10.1
DDA/TDB 0 47.2±0.1 40.1±0.2
67 67.1±0.1 (39.4±2.1) 26.2±0.2 (55.7±3.1)
132 67.1±0.1 (40.5±0.4) 26.5±0.3 (67.1±1.7)
264 64.4±0.5 (40.4±0.6) 49.2±1.1 (97.3±1.9)
The values in the brackets are the readouts for the intermediate phase transitions
obtained upon addition of trehalose.
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The viscosity of the subphases containing different sugar concentrations in
10 mM tris-buffer was determined using a TA Instruments CSL2 100 Carri-Med
Rheometer with a 6 cm steal cone (TA Instruments, Surrey, England). The
temperature was thermostated to 25 °C by a Lauda waterbath, and 2.6 bar
pressure was applied through a Tolltec airfilter with manometer. TA Instruments
Rheology Solution Software CSL V1.1.6 and DATA V1.1.6 (TA Instruments,
Surrey, England) were used for data acquisition and analysis, respectively.
2.4. Surface tension
The surface tension of the subphases containing different sugar concentra-
tions in 10 mM tris-buffer was determined according to the Wilhelmy method
using a QCT-100 Interfacial Tensiometer (Camtel Ltd, Herts, UK). The lower
edge of the Wilhelmy platinum plate (Camtel Ltd, Herts, UK) was adjusted to
coincide with the surface of the liquid and kept there for 100 s. The surfaceFig. 2. Differential scanning heat capacity curves for DDA liposomes
incorporating TDB according to the weight ratios shown in the figure. The
curves have been normalized to molar content. Notice that the scans have been
displaced on the heat capacity axis for clarity. The curves are averages of three
experiments.tension of the subphases (n=3) was acquired and analysed using CDCA-100S
software (Camtel Ltd, Herts, UK) and Origin® 7 scientific plotting software
(OriginLab, Northampton, USA) respectively.
2.5. Differential scanning calorimetry
The gel-to-liquid phase transition temperature of DDA/TDB liposomes
(concentrations according to Table 1) prepared as described by Davidsen et al.
[34], was determined using differential scanning calorimetry (DSC). Thermograms
were obtained as described previously using a MicroCal VP-DSCMicroCalorimeter
(MicroCal LLC,Northamton,USA), scanning at a rate of 30 °C/h from25 °C to60 °C
[34]. VPViewer 2000 and Origin® 7 scientific plotting software (OriginLab,
Northampton, USA) were used for data analysis. The first of three scans of each
sample (n=3) was used for data analysis. Statistical calculations were done by one-
way ANOVA at 0.05 significance level and means comparison using Tukey's test.
3. Results
3.1. Incorporation of TDB increases the surface pressure of
DDA monolayers both in liquid states and in the solid state
TDB has previously been characterized as a stabilizer of DDA
liposomes, and themechanism behind is an increased hydration of
the liposomal membrane [34]. To investigate this hypothesis,
surface pressure/area isotherms of monolayers of DDA/TDB at
different concentration ratios in tris-buffer (pH=7.4) were
obtained using the Langmuir–Blodgett technique. As illustrated
in Fig. 1, DDA had a transition from liquid-expanded to liquid-
condensed phase at Π=11.9±0.7 mN/m and area Atr=78.9±
0.3 Å2/molecule (arrow 1). Monolayer collapse occurred at
Π=47.3±0.6 mN/m and area Atr=39.1±1.1 Å
2/molecule (arrow
2), similar to literature reports of DDA on pure water [35,36]. The
liquid-expanded to liquid-condensed phase transition disappeared
in monolayers containing 5:1 and 5:5 ratios of DDA/TDB. In the
1:5 monolayer a new liquid-expanded to liquid-condensed phase
transition appeared at Π=8.3±0.4 mN/m and area Atr=94.5±
4.1 Å2/molecule (arrow 3), indicating that the liquid-expanded to
liquid-condensed phase transition is most pronounced in homo-
genous monolayers. An increased surface pressure at the
monolayer collapse was observed with increasing amounts of
TDB. The collapse of the 5:1 monolayer appeared at the same
surface pressure/area as DDA (Π≈47), but changed appearance.
Hence, the monolayer collapse was not as pronounced and the
surface pressure continued to increase atAtrb39, in contrast to the
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observed for the 5:5 monolayer although the collapse occurred at
an elevated surface pressure and area. The collapse for the 1:5
monolayer occurred at an even higher pressure and area compared
to the 5:5 monolayer. In all monolayers containing TDB the
surface pressure increased continuously after the collapse
indicating that the packing of the membrane continues even
after the collapse.
3.2. The phase transition of DDA/TDB does not change
character when the amount of TDB exceeds 27 mol%
As TDB does not have surfactant properties, it will in theory
not form lipid bilayer structures by itself. To investigate if theFig. 3. Pressure/area isotherms of Langmuir monolayers containing DDA (A) or D
glucose (C) or sucrose (D) in concentrations of 0 mM (solid), 67 mM (dash), 132 manalysed ratios between the surfactant DDA and TDB would in
fact form stable bilayers, the thermodynamic properties of lipid
membranes consisting of DDA/TDB at ratios, similar to those
described above were characterized by DSC. If liposomes are
not formed this would result in changed thermodynamic pro-
perties of the lipid mixture and decreased heat capacity (Cp).
DSC thermograms for DDA dispersions containing increasing
molar concentrations of TDB were obtained. The thermograms
are shown in Fig. 2 and the thermodynamic parameters Tm,
ΔHm, and ΔT1/2 are summarized in Table 1. The phase tran-
sition of DDAwas characterized by a sharp peak around 46.7 °C
and the addition of 11 mol% TDB (DDA/TDB ratio 5:1) caused
a broadening of the phase transition peak suggesting that
more than one cooperative heat transition occur as publishedDA/TDB (B–D) on 10 mM tris-buffer subphases containing trehalose (A, B),
M (dot) and 264 mM (dash–dot). The curves are averages of three experiments.
Fig. 4. Pressure/area isotherms of Langmuir monolayers containing DSPC (A) or DSTAP (B) on 10 mM tris-buffer subphases containing trehalose in concentrations of
0 mM (solid), 67 mM (dash), 132 mM (dot) and 264 mM (dash–dot). The curves are averages of three experiments.
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tructure of the lipid bilayer, resulting in lateral phase separations
and the formation of domains enriched in TDB. Increasing
the TDB concentration to 27 mol% (DDA/TDB ratio 5:3) and
above, resulted in a narrow peak around 41.7 °C, indicating that
TDB is homogenously distributed in the bilayer. Previous
investigations suggested that lateral phase separations might
even be avoided upon addition of as little as 20 mol% TDB [34].
This homogenous distribution of TDB in the DDA membrane
could also explain the similarly enlarged surface pressure in the
liquid state of the Langmuir–Blodgett monolayer with DDA/
TDB ratios of 5:3 (data not shown) and 5:5 (Fig. 1) due to the
larger amount of the trehalose head group at the lipid-water
interface. It was not possible to prepare liposomes containing
DDA/TDB in the ratio 1:5, presumably due to the negative
membrane curvature stress introduced by the TDB component,
resulting in heavy aggregation. However the thermogram of the
1:5 ratio of DDA/TDB (Fig. 2) illustrates that a phase transi-
tion was still detected and that the enthalpy (ΔHm) was pro-
portional to the DDA concentration as compared to the 5:5 ratio
of DDA/TDB being approximately 5 times higher (Table 1).
This indicates that the formation of bilayers is dependent on
DDA, and that TDB only adds to the quality of the bilayer phase
transition.
3.3. The presence of trehalose, sucrose or glucose affects the
surface pressure of DDA/TDB monolayers differently
To investigate how sugars influenced the surface of DDA/
TDB monolayers, the surface pressure/area isotherms of DDA
and DDA/TDB lipid monolayers in the presence of different
concentrations of trehalose, sucrose or glucose were measured
using the Langmuir–Blodgett technique.Monolayers consisting of DDA as well as DDA/TDB were
highly influenced by the presence of trehalose in the subphase
(Fig. 3A and B). In both cases the Langmuir isotherms shifted
towards higher surface pressures and at minimum compression
the surface pressure was enhanced to 16–18mN/mwith 264mM
trehalose in comparison to the close to zero value obtained with
the buffer alone. In contrast, sucrose and glucose influenced the
liquid phase surface pressure to a lower extent (Fig. 3C and D).
In the case of DDA the enhanced surface pressure observed in
both liquid and condensed phases due to the presence of sugars,
did not result in a higher surface pressure at the collapsing point
(Fig. 3A). The data in Table 2 indicate that the opposite is more
likely to occur, but still at higher area/molecule.
The horizontal deviation could be due to surfactant impurities
present in trehalose [23,37–39]. However no changes in the
surface pressures were found using a tris-buffered trehalose
solution pure of possible surfactant impurities as described by
Lambruschini et al. [23] or with active charcoal according to
the method described by Pincet et al. [39] (data not shown),
indicating that surfactant impurities originating from the tre-
halose are not affecting the lipid monolayers.
The addition of trehalose and sucrose but not glucose to
DDA/TDB ratio 5:1, enhanced the surface pressure at the col-
lapsing point (Fig. 3) to a level equal to DDA/TDB ratio 1:5
(Fig. 1). Since the head group of TDB consists of trehalose, the
air–water interface with the DDA/TDB ratio 1:5 would be
expected to mainly constitute trehalose. An air–water interface
consisting of a high level of trehalose would be expected to
have a surface pressure of approximately 67 mN/m. This sug-
gests that the monolayer surface of DDA/TDB ratio 5:1 with the
sugars present in the bulk water phase was covered with sugar,
in the case of trehalose and to some extent also sucrose. This
enhancement was not observed when TDB was absent from the
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monolayer when TDB is present, and therefore do not interact
directly with DDA.
3.4. Trehalose reduces the solid phase surface pressure of
DSPC and DSTAP to approximately 67 mN/m
It is well described in the literature that sugars like trehalose
interact directly with the polar head group of lipids like DSPC
and DSTAP [20,21,23,25,40–43]. If trehalose bound at the air–
water interface as hypothesized earlier would result in a sur-
face pressure around 67 mN/m, this would also be observed
for phospholipids. To investigate this hypothesis the surface
pressure/area isotherms of monolayers of DSPC and DSTAP,
with different concentrations of trehalose in the buffer, were
obtained as described for DDA/TDB. These two lipids were
chosen because of their opposite overall charges at neutral pH,
excluding any electrostatic interaction. Furthermore their car-
bonyl backbones are similar to those of DDA. As illustrated in
Fig. 4A the monolayer of DSPC collapsed atΠ=69.9±0.2 mN/
m and area Atr =25.9±3.6 Å
2/molecule. The monolayer collapse
of DSTAP occurred atΠ=70.7±0.1 mN/m and area Atr =19.3±
0.1 Å2/molecule (Fig. 4B). It was not possible to distinguish the
transition from liquid-expanded to liquid-condensed phase of
DSPC and DSTAP monolayers. A vertical deviation was obser-
ved at minimum compression upon addition of trehalose, as
observed for DDA and DDA/TDB. The surface pressure at the
collapsing point of both DSPC and DSTAP was reduced to
about 67 mN/m upon addition of trehalose, independently of the
concentration of trehalose. The change in surface pressure at
the collapsing point could therefore be due to trehalose (and
sucrose) bound to the surface of liposomes resulting in an
adjustment of the surface pressure to approximately 67 mN/m.
This adjustment was also observed for DDA/TDB but not for
DDA monolayers.
4. Discussion
DDA possesses a quaternary ammonium head group exhi-
biting weaker interactions with water than water interacts with
itself, and thus interfering little with the hydrogen bonding of
the surrounding water molecules. In contrast, TDB contains
trehalose, which is a strong kosmotrope that will destructure
the tetrahedral H-bond network of pure water [31,32].
If vitrification alone is sufficient to protect liposomes based
on DDA, and direct interaction is not necessary to protect these
liposomes based on saturated lipids during freeze-drying, as
suggested for phospholipid-based liposomes by e.g. Koster et al.
[27], DDA liposomes should be fully protected against fusion
and/or aggregation during dehydration by vitrifiers like tre-
halose. However, in previous experiments, it was shown that
liposomes based on DDA alone cannot be fully protected by
trehalose during freeze-drying [1]. Furthermore, incorporation
of TDB into the DDA liposome membrane enables this pro-
tection during freeze-drying, suggesting that bulk trehalose can
interact directly with the trehalose head group of TDB and
thereby replace water at the water-lipid membrane interface.The present data show that the presence of TDB increases
the surface pressure of a DDA/TDB monolayer when fully
compressed, indicating that the trehalose head group interac-
ting with the water surface results in a higher surface pressure
than the quaternary ammonium head group of DDA. This im-
plies that the attractive forces between trehalose and water are
greater than those between the quaternary ammonium head
groups of DDA and water. Consequently, incorporation of TDB
into the membrane of DDA liposomes will increase the hy-
dration of the membrane, preventing dehydration of the qua-
ternary ammonium head groups, which otherwise would cause
reduced charge repulsion and aggregation. This effect of TDB
has also been suggested to be one of the reasons for the
stabilizing effect of TDB on the DDA liposomes [34].
The same increased attractive forces between the lipid mo-
nolayer and water are observed when trehalose is present in the
water bulk, but only when TDB is included in the monolayer.
This indicates that the presence of even low amounts of TDB
increases the concentration of bulk trehalose at the membrane-
water interface. This is further supported by the results obtained
with phospholipids showing that trehalose does interact with
phospholipids, as stated in numerous studies [14–25]. DSPC
and DSTAP monolayers are both adjusted to a surface pressure
around 67 mN/m (Fig. 4) which is the same as for DDA/TDB,
but not for DDA monolayers (Fig. 3), upon addition of treha-
lose to the water phase. This indicates that TDB has the
same ability to bind trehalose to the liposome surface as the
phospholipids. Other glycolipids like galactocyldiacylglycerols
[44–47], malto- and galactosyltriethoxycholesterol [48], trisac-
charide-dioleoylphosphatidylethanolamine conjugates [49] and
galactosyl-stearoylphosphatidylcholine conjugates [50] have
been described in the literature to posses stabilizing effects on
phospholipid-based liposomes during freezing and drying with
trehalose. However, in one literature report the strong interaction
between the sugar and the glycolipid increases the freeze–thaw
damage of the liposomes [51]. This suggests generally that
the sugar head groups of glycolipids incorporated in the lipid
membrane support the interactions between free sugar molecules
and the liposome membrane [44–51], which justify the theory
that the sugar head group of TDB is in fact interacting with bulk
trehalose, explaining why TDB is necessary for the stabiliza-
tion of the DDA liposomes during freeze-drying. In a broader
perspective this confirms that glycolipids, incorporated into
liposomemembranes, inmost cases protect the liposomes during
freezing and drying.
The increased concentration of bulk trehalose could result
in a reduction of water at the interface due to the kosmotropic
properties of trehalose, explaining why DDA/TDB but not DDA
liposomes can be protected by trehalose during dehydration. It
further illustrates the necessity for trehalose to be bound to the
surface of the liposomes, which supports the water replacement
theory, stating that direct interaction between the liposome
membrane and the sugar is necessary to protect the membranes
from fusion or leakage during freeze-drying and subsequent
rehydration.
The high concentration of trehalose necessary to protect the
DDA/TDB liposomes during freeze-drying, however, indicates
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centrations of trehalose are necessary to maintain the three-
dimensional structure of the formulation. DDA/TDB is kept
in the gel state during drying and rehydration, making the
rehydration more difficult. The mechanism of protection by
trehalose would therefore also be to maintain the three-
dimensional structure of the liposomes— not only by replacing
water at the surface of the liposomes but also in the bulk phase.
The kosmotropic effect of trehalose upon removal of water
might, in addition to the direct interaction with the liposomal
surface, help explain why liposomes are only protected suf-
ficiently during freeze-drying when substantial amounts of
trehalose are present [1].
With the present results the highest concentration of trehalose
(264 mM) resulted in a horizontal deviation of the surface/area
isotherms in the solid phase indicating a higher molecular area.
This could be explained by spacing between the lipids caused by
trehalose. Former investigations [1] documented that trehalose
was only able to protect DDA/TDB during freeze-drying when
the concentration exceeded 211 mM indicating that this in-
creased molecular area might be necessary for the protection
during freeze-drying and/or the ability to be rehydrated. This
again supports the water replacement hypothesis, as the van
der Waals interactions between the lipids are reduced due to the
increased molecular area minimizing the risk for aggrega-
tion. Previous experiments have also documented that no
change in phase transition was observed upon addition of
211 mM trehalose or more [1] indicating that the observed
increase in molecular area does not influence on the integrity of
the membrane.
The horizontal deviation observed in the liquid states of the
monolayers upon addition of the sugars, especially trehalose,
could be due to surfactant contaminations in the trehalose used.
No changes were however observed after cleaning the tris-
buffered trehalose solution as described by Lambruschini et al.
[23] or with active charcoal as described by Pincet et al. [39],
indicating that the deviation was not due to surfactant impurities
in the trehalose. Furthermore a lowering in the phase transition
temperature would be expected as a result of surfactant impu-
rities in the trehalose solutions. In this case however previous
experiments have shown that the gel-liquid phase transition was
not changed by the addition of trehalose (same batch) [1]
implying that the monolayers are not affected by possible sur-
factant contaminations.
Horizontal deviation at minimal compression has been ob-
served with DDA upon one compression–expansion cycle on a
water subphase, and was explained by an enhanced cation-water
dipole interaction due to the lateral compression, obliging the
ammonium group to immerse in the subphase [52]. The addition
of sugar to the subphase could also cause the ammonium group
of DDA to immerse deeper into the subphase of the buffer due to
the penetration of sugar into the monolayer. This has also been
suggested to be the case for fructans, fructose-based oligo- and
polysaccharides, on a DPPC monolayer, leading to enhanced
surface pressure in both liquid-expanded and liquid-condensed
state [53,54]. Penetration of sugar into the monolayer could also
explain the enhanced area/molecule at the collapsing point. Onthe other hand, penetration of sugars into the monolayer of
DDA/TDB would most likely change the gel-liquid phase
transition pattern. Since this was reported previously not to be
the case [1] there is little indication for the penetration to oc-
cur for the liposomes, even though it might be the case in the
Langmuir monolayer.
Horizontal deviation has also been observed for DDA-
cinnamate monolayers (but not DDA) after resting for 30 h, and
was associated to a slow lipid rearrangement process [55]. The
surface pressure – area isotherms obtained here upon addition
of trehalose to the bulk phase are very similar to those obtained
with DDA-cinnamate after 30 h. The horizontal deviation could
therefore also be explained by a rearrangement of the lipids in
the monolayer when trehalose was present in the bulk phase.
An effect on surface pressure similar to that of trehalose was
obtained with sucrose, although much higher bulk concentra-
tions of this sugar were necessary. This correlates nicely with the
fact that much higher sucrose concentrations are needed to
protect DDA/TDB, compared to trehalose [1]. It further supports
the kosmotrope theory since sucrose, being a less efficient kos-
motrope than trehalose, interferes less with the tetrahedral net-
work of water, and therefore is not able to replace the same
amount of freezable water at the interface [31–33,56]. In con-
trast, glucose had no effect on the surface pressure at the film
collapse, which also correlates with its poor abilities as a cryo-/
lyoprotector and could be explained by its low kosmotropic
effect.
Attempts to support the Langmuir data, proving an interac-
tion between the TDB head group and trehalose, using various
methods including isothermal titration calorimetry (ITC), near
infrared spectroscopy (NIR) and ultrasonic resonator technology
(URT) were not successful, since the trehalose-TDB interactions
could not be separated from the trehalose–trehalose interactions
by applying these methods, probably due to the high trehalose:
TDB ratio (N100:1). Future investigations on this matter will
include methods like solid state NMR, spectroscopy and atomic
force microscopy.
5. Conclusion
The present data illustrates how high amounts of trehalose in
the form of TDB present at the liquid-DDA lipid interface result
in an increased surface pressure to around 67 mN/m as compa-
red to the surface pressure of pure DDA being around 47 mN/m
in the compressed state, indicating that the attractive forces
between trehalose and water are greater than those between the
quaternary ammonium head group of DDA and water. Fur-
thermore, the addition of trehalose to a DDA monolayer with
small amounts of TDB also resulted in an increased surface
pressure. This was not observed for DDA monolayers without
TDB suggesting that small amounts of trehalose present at
the lipid-water interface in the form of TDB, drive trehalose to
the liposome surface, probably by hydrogen bonding between
the trehalose head groups of TDB and the bulk trehalose
molecules. Such interactions with trehalose have also been
reported in the literature for other glycolipids, underlining the
general impact of the findings reported in this manuscript. An
1372 D. Christensen et al. / Biochimica et Biophysica Acta 1778 (2008) 1365–1373increase of the surface pressure was also observed using sucrose,
although to a smaller extent.
This supports the theory that direct interaction between
DDA/TDB liposomes and cryoprotector is necessary to obtain
cryo-/lyo-preservation as trehalose does not interact with DDA
alone, and is not able to protect DDA liposomes during freeze-
drying, whereas trehalose interacts with DDA/TDB and thereby
protects the liposome structure during freeze-drying. The results
therefore indicate that direct interaction with liposome surfaces
is necessary for trehalose to enable protection during freeze-
drying. Furthermore, trehalose interacts stronger with DDA/
TDB than sucrose and glucose, supporting previous results
showing that trehalose protects DDA/TDB better than sucrose
during freeze-drying [1].
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